Aneuploidy has a paradoxical effect on cell proliferation. In all normal cells analyzed to date, aneuploidy has been found to decrease the rate of cell proliferation. Yet, aneuploidy is also a hallmark of cancer, a disease of enhanced proliferative capacity, and aneuploid cells are frequently recovered following the experimental evolution of microorganisms. Thus, in certain contexts, aneuploidy may also have growth-advantageous properties. New models of aneuploidy and chromosomal instability have shed light on the diverse effects that karyotypic imbalances have on cellular phenotypes, and suggest novel ways of understanding aneuploidy's role in development and disease.
Aneuploidy, an incorrect karyotype
Eukaryotic organisms have evolved robust mechanisms to ensure accurate segregation of the genetic material during mitosis. Cell cycle checkpoints delay chromosome segregation until DNA replication has been completed and sister chromatids are properly aligned at the metaphase plate. However, these safeguards occasionally fail, resulting in daughter cells that have gained or lost portions of the genetic material. Since the seminal observations of von Hansemann and Boveri at the beginning of the 20 th century, these unequal cell divisions have been associated with developmental defects and cancer [1] . Yet, determining how exactly the aneuploid state impacts cell physiology has remained elusive. In recent years, models of aneuploidy have been developed which demonstrate the existence of common cellular phenotypes that result from karyotypic imbalances in a variety of different organisms (Table 1) . Surprisingly, these studies have also revealed certain circumstances in which aneuploidy can actually improve cell proliferation and fitness.
A number of excellent reviews have described the cell cycle checkpoints which ensure the fidelity of chromosome segregation [2, 3] . Here, we will instead focus on the consequences of aneuploidy, which are only beginning to be understood. For the purposes of this review, we will limit our discussion to aneuploidy, defined as changes in karyotype that are not whole-number multiples of the haploid complement. Aneuploidy differs from polyploidy, in which cells gain a balanced set of all chromosomes. Polyploidy has been reviewed elsewhere, and, unlike aneuploidy, appears to be well-tolerated, particularly in single-cell organisms, plants, and in many metazoan tissues [4, 5] . Below, we discuss the costs and benefits of aneuploidy, and suggest mechanisms by which karyotypic imbalances can cause the phenotypes commonly observed in aneuploid cells.
Aneuploidy is detrimental to cell and organismal fitness Organismal aneuploidy impairs normal development, but some somatic aneuploidy is tolerated in vivo
Whole-organism aneuploidy is the most common cause of miscarriage and mental retardation in humans [6, 7] . All human monosomies and 20 out of the 23 possible autosomal trisomies are embryonic lethal. Of the three trisomies which are viable at birth, only one, Trisomy 21/Down syndrome, can survive until adulthood [8] . Similarly, in mice, all autosomal aneuploidies are embryonic lethal, with the exception of Trisomy 19, which dies shortly after birth [9] . Aneuploidy has also been associated with developmental defects and lethality in a variety of other organisms, including maize [10] , flies [11] , and nematodes [12] [13] [14] . Thus, aneuploidy presents a considerable barrier toward successful development.
The consequences of somatic cellular aneuploidy are less well understood. Mammalian neuronal cells in normal adult organisms display low levels of mosaic aneuploidy [15, 16] , and wide-ranging karyotypic variation, including tetraploidy, octaploidy, and some aneuploidy, is commonly observed in hepatocytes [17, 18] . Aneuploid neurons are functional [19] , however post-mortem studies in human brains have linked aneuploidy with neurological pathologies like Alzheimer's disease [20, 21] . The functional significance of somatic aneuploidy is unknown, though it may serve as a source of genetic variation in the liver and the brain [16, 18] . In vitro work (discussed below) suggests that aneuploid cells in living organisms should exhibit decreased fitness, and indeed reconstitution of the mouse hematopoietic system with trisomic stem cells results in anemia and other blood disorders [22] . However, it may be the case that certain highly specialized cell types, like karyotypically-unstable hepatocytes, have evolved mechanisms to tolerate the detrimental effects of aneuploidy.
Cellular aneuploidy slows the rate of cell proliferation
In addition to its detrimental effects at the organismal level, several lines of evidence demonstrate that aneuploidy decreases the rate of cell proliferation. The first studies on aneuploidy and cell division were performed in fibroblasts from individuals with Down syndrome; these cells were found to divide more slowly than age-matched euploid controls [23] . More recently, several labs have investigated the consequences of aneuploidies which result from genetic ablation of the spindle assembly checkpoint. Cells with a compromised checkpoint display chromosomal instability (CIN), a continuously varying karyotype. While mouse models of CIN are generally tumor prone (see below), individual cells with a CIN phenotype typically exhibit slow proliferation and/or low viability [24] [25] [26] [27] . However, we note that some models of CIN have been reported to proliferate at wild-type rates in vitro [28, 29] . In many cases, this likely reflects the low levels of aneuploidy in the cell line examined. For instance, Bub1b H/H mouse embryonic fibroblasts (MEFs) do not exhibit a proliferation defect at passage 3, but do exhibit a proliferation defect at passage 7, which presumably results from the increased frequency of aneuploidy after prolonged growth in culture [28] . Alternately, some CIN models interfere with mitotic checkpoint signaling, allowing cells to initiate anaphase after an abbreviated metaphase arrest [29] . In certain instances, the quicker progression through mitosis may conceal the growth-inhibitory effects of aneuploidy.
As these examples illustrate, it can be difficult to distinguish the consequences of aneuploidy from the effects of the CIN-inducing mutations used to generate karyotypic variation. It has therefore proven informative to study aneuploidy in the absence of mutations which compromise chromosome segregation fidelity. Chromosome missegregation events can be generated in otherwise diploid cell lines by transient treatment with spindle poisons; cells which survive this treatment exhibit high levels of aneuploidy without CIN-inducing mutations [30, 31] . As with most models of CIN, cells with chemically-induced aberrant karyotypes exhibit poor proliferative capacity. More generally, the effects of single-chromosome aneuploidy have been explored systematically in yeast and mammalian cells. 20 haploid strains of the budding yeast Saccharomyces cerevisiae were generated which carry one or two copies of single yeast chromosomes. All disomic strains were found to proliferate more slowly than an isogenic euploid strain, though the doubling time varied between the disomes [32] . Similarly, all aneuploid strains derived by sporulation of triploid and pentaploid strains displayed impaired proliferation under normal growth conditions in S. cerevisiae [33] and in Schizosaccharomyces pombe [34, 35] . In mice, naturally-occurring Robertsonian chromosome fusions have been employed to generate sibling-matched trisomic and euploid MEFs [36] . In all cases, trisomic fibroblasts were found to divide more slowly than euploid controls. Thus, in a variety of aneuploid models, an incorrect karyotype reduces the proliferative capacity of cells.
Why is aneuploidy detrimental to cellular fitness?
Several factors may contribute to the detrimental phenotypes associated with aneuploidy. By definition, aneuploid cells contain different quantities of DNA than euploid cells do. However, it is unlikely that extra DNA alone impairs cell fitness in most cases. Yeast strains carrying large artificial chromosomes containing human or mouse DNA (which presumably encode few or no genes which are expressed in yeast) do not exhibit proliferation defects [32] . An overabundance of specific DNA sequences may confer some toxicity, as yeast cells carrying >10 extra centromeres display a metaphase delay and increased chromosome missegregation [37, 38] . However, these effects are not observed when fewer excess centromeres are present, and it is unclear whether the toxicity of specific sequences can explain the sickness frequently observed in cells bearing single extra chromosomes. The most likely explanation for the majority of detrimental phenotypes caused by aneuploidy is the gene dosage hypothesis: gains or losses of whole chromosomes immediately alter the dosage of hundreds of genes in a cell, thereby leading to imbalances in critical proteins ( Figure 1a ). Several lines of evidence support this hypothesis. First, aneuploid chromosomes appear to be expressed. Tissue from individuals with Down syndrome generally show upregulation of transcripts from chromosome 21 [39, 40] , and trisomic plants as well as fibroblasts from trisomic mouse embryos display a proportional increase in mRNA levels from the additional chromosomes [36, 41] . Aneuploidy correlates with altered transcript levels in yeast [32, 42, 43] , and, importantly, quantitative mass spectrometry demonstrates that aberrant karyotypes cause proportional imbalances in the relative levels of most proteins as well [33, 44] . Secondly, the severity of the phenotypes caused by aneuploidy correlates with the number of genes gained or lost. The three human trisomies that survive until birth have the fewest protein-coding genes on them, while the survival of trisomic mouse embryos in utero correlates with the number of genes on the extra chromosome (Figure 1b ; [45] ). Similarly, in disomic yeast, the delay in cell division correlates with the number of open reading frames on the extra chromosome (Figure 1c) , though the presence of particularly toxic genes (i.e. β-tubulin) on small chromosomes can cause disproportionate effects [32, 46] . Finally, an increasing body of evidence demonstrates that 2-fold and even 1.5-fold changes in gene copy number can have significant effects on cellular and organismal phenotypes. Down syndrome is associated with a decreased frequency of solid tumor formation [47] ; studies in mice suggest that single extra copies of Ets2 and DSCR1 (both located on chromosome 21) may confer protection from tumorigenesis [48, 49] . Single extra copies of Sir2 prolong lifespan in yeast [50] and Caenorhabditis elegans [51] , while a single extra copy of α-synuclein predisposes individuals to Parkinson's disease [52] .
However, we note that some organisms, including Drosophila melanogaster, appear to maintain mechanisms for dosage compensation which dampen the effects of aneuploidy [53, 54] . In these organisms, gene dosage may not be a robust predictor of protein expression levels, and aneuploid phenotypes may result from the overabundance of specific genes which escape attenuation.
How can alterations in gene dosage affect cellular fitness? First, changes in the concentration of a particular protein can directly modulate the efficiency of that protein's cellular function (Figure 2a ). For instance, DSCR1 is a negative regulator of angiogenic signaling, and an additional copy of DSCR1 in a mouse model of Down syndrome blocks tumor formation by inhibiting angiogenesis [48] . Secondly, changes in gene copy number can affect the formation or function of stoichiometry-sensitive complexes (Figure 2b ). Proper stoichiometry can be disrupted by both under-expression (i.e., haploinsufficiency; [55] ) and over-expression of proteins in complexes. In S. cerevisiae, a single extra copy of the gene encoding the phosphatase Cdc14 delays cell cycle progression, as it is no longer inhibited by its 1:1 stoichiometric binding partner Cfi1/Net1 [56] . Finally, an intriguing recent report suggests that a key determinant of dosage sensitivity is the susceptibility of some proteins to make promiscuous molecular interactions [57] . Genes which are toxic when over-expressed are enriched for those which have many low-affinity binary interaction partners, suggesting that mass-action driven off-target interactions may impair cellular fitness in aneuploid cells (Figure 2c ). This type of promiscuous interaction may explain the gain-of-function phenotype in signaling pathways in certain cancers [57] . For instance, when lung cancers with EGFR-activating mutations are treated with an EGFR inhibitor, some cells acquire drug resistance via amplification of the MET oncogene [58, 59] . Over-expression of MET leads to activation of kinases downstream of EGFR, which are independent of MET signaling in cells which contain normal levels of MET [58, 59] . Thus, promiscuous molecular interactions may significantly alter the cellular interactome when gene copy number is changed.
The detrimental phenotypes associated with aneuploidy can also result from the synergistic effects of changing the copy number of several hundred genes at once. Aneuploid strains of yeast are sensitive to conditions that interfere with protein translation, folding, and degradation [32, 33, 44] , and trisomic MEFs and aneuploid cancer cells are killed by the protein-folding inhibitor 17-AAG [60] . These sensitivities are largely independent of the identity of the additional chromosome, suggesting that aneuploidy generally challenges a cell's ability to maintain protein homeostasis. While the consequences of over-expressing any one protein may be unique, cells utilize a limited number of quality-control mechanisms for protein folding and turnover. For instance, most proteins which contain a WD40 domain require the eukaryotic chaperonin TRiC/CCT to correctly fold [61] . In the absence of sufficient chaperone capacity to accommodate over-expressed proteins, other chaperone clients may remain unfolded, leading to loss-of-function phenotypes and the formation of potentially cytotoxic aggregates (Figure 2d ). In yeast, misfolded proteins exact a fitness cost, even when the misfolded proteins represent less than 0.1% of the total cellular proteome [62] . Thus, aneuploidy may impair cell proliferation via an accumulation of improperly folded or aggregated proteins.
Misfolded proteins, as well as properly-folded proteins which are present in excess, can also impinge on cellular mechanisms for protein turnover. It has been demonstrated that cells ensure the integrity of some stoichiometric complexes by rapidly degrading over-expressed free subunits, such as histones [63] and ribosomal proteins [64, 65] . Accordingly, not all proteins in aneuploid cells are proportionally over-expressed, and most dosage-compensated proteins are members of protein complexes [44] . Thus, aneuploidy-induced stoichiometric imbalances may severely stress the proteasome (Figure 2e) . In order to understand how cells cope with the anti-proliferative effects of aneuploidy, disomic yeast strains were grown continuously for 14 days, then genetic alterations which improved their proliferative capacity were identified by whole-genome sequencing [44] . Interestingly, several different disomic strains developed mutations in the proteasome pathway, and two strains independently acquired loss-of-function mutations in the ubiquitin-specific protease UBP6. Deletion of UBP6 was found to improve the growth rates of four disomic strains, and quantitative mass spectrometry demonstrated that loss of UBP6 led to an attenuation in the levels of proteins overproduced due to aneuploidy [44] . These results suggest that proteotoxic stress is a key source of aneuploidy's anti-proliferative effects.
Lastly, aneuploidy has been found to significantly alter metabolism and increase cellular energy needs. Aneuploid yeast and MEFs are less efficient at converting nutrients into biomass than euploid cells are [32, 36] . This could result from cells wasting energy by translating and then turning over excess proteins from the additional chromosomes. Consequently, aneuploid fibroblasts and cancer cells display broad sensitivities to drugs that interfere with cellular energy homeostasis [60] . It has also been noted that aneuploid cells produce significantly more lactate during proliferation than euploid cells do [26, 36] , a phenotype which they share with cancer cells [66] . The underlying cause of these metabolic alterations is not known, but the resultant energy stress is a likely limit on the proliferation of aneuploid cells. Additionally, the metabolic similarities between aneuploid primary cells and cancer cells suggest that cancer cells have not fully escaped the stresses associated with aneuploidy.
Aneuploidy is frequently associated with enhanced cell proliferation
Despite the seemingly detrimental effects of the massive gene dosage imbalances which result from aneuploidy, changes in karyotype appear to confer proliferative advantages in certain circumstances. Most notably, aneuploidy is a hallmark of cancer, a disease of increased cell proliferation [67] . Greater than 90% of solid tumors and 75% of hematopoietic cancers have gained or lost entire chromosomes [68] . Several lines of evidence suggest that aneuploidy has a causal role in tumorigenesis, and is not simply a byproduct of transformation. First, aneuploidy appears prior to or coincident with malignant transformation in a variety of contexts, including in human patients [69] [70] [71] and mouse models of cancer [72, 73] . Secondly, tumor genotyping has identified clonal mutations or genetic alterations in various cancers which compromise the fidelity of chromosome segregation [74] [75] [76] . Thirdly, inherited mutations in the spindle checkpoint component BubR1 result in mosaic aneuploidy and predispose individuals to cancer, suggesting a link between faulty spindle checkpoint function and tumorigenesis [77] . Lastly, transgenic mice with elevated rates of chromosome missegregation are generally tumor prone [26, 76, 27, 78] . These studies suggest that changes in karyotype can contribute to cellular transformation, a process that enhances the proliferative capacity of a cell.
Certain aneuploidies also confer a proliferative advantage during growth or experimental evolution in microorganisms. S. cerevisiae cells grown in nutrient-limiting conditions or deprived of a cytokinetic motor develop aneuploidies [42, 79, 80] , as do pathogenic strains of Candida albicans grown in the presence of the anti-fungal drug fluconazole [81, 82] . In the yeast deletion collection, ~8% of all strains have spontaneously gained extra chromosomes [43] . Lastly, in a comprehensive analysis of 38 aneuploid strains derived from triploid or pentaploid meiosis, some aneuploid strains were found to exhibit improved fitness under extreme culture conditions, including growth at low temperature and treatment with 4-NQO [33] . Thus, it is clear that alterations in karyotype can improve cellular fitness under certain circumstances.
How is aneuploidy beneficial?
As with the detrimental consequences of aneuploidy, most of the growth-advantageous properties of aneuploidy likely result from changes in gene copy number. In particular, many benefits of aneuploidy can apparently be explained by the change in copy number of one or a few genes. In studies of nutrient-limited yeast, cells acquire aneuploidies that confer extra copies of the transporters that take up the scarce nutrient [79, 80] . Fluconazole resistance in C. albicans can be caused by the gain of an isochromosome containing TAC1, a transcriptional regulator of drug-efflux pumps, and ERG11, the target of fluconazole [82] . Decreasing the copy number of TAC1 and ERG11 abolishes the protective effects of aneuploidy. Among the aneuploid strains which arose during construction of the yeast deletion collection, many of the strains were found to harbor extra copies of a chromosome containing a paralogue of the gene which was deleted, suggesting a dosage-dependent rescue of cell proliferation [43] . Moreover, in the evolution of cytokinesis-defective yeast, improved growth due to aneuploidy can be phenocopied in euploid strains by increasing the dosage of a transcription factor and a signaling kinase that are present on a frequentlygained chromosome [42] .
Changes in copy number of a few genes may also explain the tumorigenic properties of aneuploidy. Karyotypic alterations can lead to the gain in copy number of growth-promoting oncogenes and loss of tumor-suppressor loci. For instance, cervical cancers frequently gain extra copies of chromosome 3, which contains the human telomerase gene TERC [70, 83] , while leukemias frequently gain chromosome 8, which contains the MYC transcription factor [84, 85] . It is believed that these genes are largely responsible for the recurrent gain of these chromosomes because in many cancers these loci are focally amplified [86] [87] [88] [89] . Chromosome loss can also promote cellular transformation by decreasing the dosage of tumor suppressors [78, 90] . Interestingly, loss of heterozygosity at tumor suppressors is frequently "copy-neutral," i.e. a duplication event occurs to maintain euploid dosage levels of all genes on the affected chromosome [78, 91, 92] . This may arise due to selective pressure to protect cancer cells from the deleterious effects of haploinsufficiency, or from imbalances in other genes required for proliferation.
Recent evidence has also suggested that indirect consequences of aneuploidy could contribute to the improved growth phenotype associated with karyotypic imbalances. It has been hypothesized that the protein imbalances caused by aneuploidy could interfere with a cell's basal mechanisms for ensuring genomic integrity, and this aneuploidy-induced genomic instability could speed the development of potentially growth-promoting genetic alterations [45, 93, 94] . A causative link between aneuploidy and genomic instability has recently been demonstrated in yeast: aneuploid strains of S. cerevisiae and S. pombe were found to display various forms of genomic instability, including hyper-recombination, elevated levels of chromosome missegregation, increased mutation, and an inability to repair genotoxic damage [95] . Aneuploidy-induced genomic instability may extend to mammalian cells as well: the chromosomal instability of chemically-transformed Chinese hamster embryo cells was found to vary according to their initial karyotype, with highly aneuploid cells exhibiting the greatest degree of instability [96] . Aneuploid cells lacking p53 were also found to be karyotypically unstable [97] . Finally, trisomic cells derived from individuals with Down syndrome are sensitive to ionizing radiation and other genotoxic agents, suggesting that DNA repair is compromised in these cells [98] [99] [100] [101] . Genomic instability has been shown to confer a proliferative advantage during evolutionary competition and may cause or contribute to cellular transformation [102] [103] [104] [105] . It is therefore possible that aneuploidy-induced genomic instability could play a causal role in the improved growth observed in cancer cells. Whether aneuploidy can actually speed the evolutionary process, and whether aneuploidy-induced genomic instability contributes to the instability that is characteristic of cancer cells [106, 107] , remain to be tested.
Concluding Remarks
Aneuploidy represents a gross challenge to cellular homeostasis: by simultaneously changing the copy number of several hundred genes at once, aneuploidy can vastly alter normal cellular functions. The consequences of this dysregulation are apparent in the defects caused by aneuploidy during cell proliferation and development. Yet, it is for this same reason that certain genetic and environmental stresses can be overcome via aneuploidy. When one chromosome contains a gene that has a dosage-dependent effect on cell growth (such as an oncogene or a transporter of a scarce nutrient), chromosome missegregation represents a relatively easy way by which the copy number of that gene can be increased. This aneuploidy exerts a high cost on the cell, particularly by increasing the burden on energy and protein homeostasis. However, cells can evolve mechanisms that shield them from the detrimental consequences of aneuploidy, and this adaptation may be accelerated by aneuploidy-induced genomic instability. Nonetheless, the pathways which are commonly stressed in aneuploid cells represent attractive targets for the development of chemotherapeutics that could potentially be useful in treating a broad spectrum of aneuploid cancers. A. An increased dosage of a single gene, such as a rate-limiting enzyme, can increase a cellular pathway's output or function. B. Altered gene dosage can interfere with the function of stoichiometry-sensitive complexes. C. Protein-protein interactions depend on the concentration of each binding partner. Altered expression of some proteins, such as signaltransduction kinases, may cause promiscuous molecular interactions which alter cellular phenotypes. D. Many proteins require chaperones to fold correctly. If aneuploidy overwhelms cellular chaperones, then misfolded proteins which escape chaperonedependent folding may form insoluble and potentially cytotoxic aggregates. It is also possible that other essential clients of these chaperones remain unfolded. E. Quality-control mechanisms, including the ubiquitin-proteasome pathway, ensure that misfolded or improperly expressed proteins are rapidly turned over. Regulated protein degradation is also utilized to trigger various cellular programs, including cell cycle progression. The overabundance of certain proteins may interfere with the folding or turnover of other client proteins. Table 1 Common phenotypes in aneuploid cells [?] refers to aneuploid phenotypes which have not yet been tested in the indicated organism or model system.
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